It is generally assumed that one of the reasons why diabetics are more susceptible to urinary tract infections than non-diabetics is their 'sweet urine'. However, very little information is available on this subject. Therefore, the growth rates of different Escherichia coli strains were studied in human urine with and without added glucose and with and without a constant pH, and compared with their growth rates in MuellerHinton broth (MHB). Eight isolates were used (three from blood cultures from urosepsis patients, two urinary isolates, two faecal isolates and one laboratory strain K12). All isolates grew better in MHB than in urine, but with the exception of the laboratory strain, they had the same growth rate in urine. No significant difference was found between the growth rate in urine from diabetics without glucosuria and that in urine from non-diabetics. The addition of glucose (up to a concentration of 1000 mg/dl) to urine and MHB enhanced the growth rate of all isolates. However, very high concentrations of glucose (up to 10000 mg/dl) in urine and MHB caused a decrease in bacterial growth rate when the urinary pH was not kept constant. The stationary phase was reached later and the final bacterial yield was greater when the urine was made less acidic. As the uropathogenic strains did not grow better in urine than the other isolates, it may be concluded that better growth in urine is not one of the causes of the greater virulence of these strains.
Introduction
Diabetic individuals are more susceptible to urinary tract infections than non-diabetic subjects [ 1, 21 . The following factors have been suggested as possible causes: (i) neutrophil function is impaired; (ii) glucose in urine ('sweet urine') supports bacterial growth better; and (iii) adherence to uro-epithelial cells is increased [ 
31.
In a recent study from this laboratory [4] , no difference in granulocyte function was found between diabetic females with bacteriuria, diabetic females without bacteriuria, and controls, which makes the first explanation unlikely. The third possibility is currently being investigated, because animal experiments seem to support it. As very little information about the second possible cause of increased susceptibility is available, this has been investigated and the results are presented in the present paper.
It has been established that uropathogenic bacteria grow well in human urine, whereas non-uropathogenic bacteria do not [S] , and that the rapid growth of some uropathogenic Escherichia coli in urine may permit colonisation even in the absence of specific adherence organelles [6] . It has also been suggested that not only pH and osmolality, but also glucosuria enhance bacterial growth [7] . In 1961, O'Sullivan et al. [8] compared the growth of E. coli (from a patient with asymptomatic bacteriuria) in urine with and without the addition of glucose 2% (200 mg/dl, moderate glucosuria). They found a four-fold increase in bacterial yield 2 h after the addition of glucose. In an earlier study, Jackson and Grieble [9] had shown that lower concentrations of glucose (0.1%; 10 mg/dl) had no effect on bacterial yield, although the growth rate was increased. In a recent study [4] , 50% of diabetic patients with a positive urine culture were found to have glucosuria in the range 300-1000 mg/dl.
Osmolality and pH may also affect host defences. Gargan et al. [lo] showed that raising urinary pH (from pH 6 to 8) and reducing urinary osmolality (to 485 and 200mosm) increased the ability of phagocytes to eliminate infecting organisms.
In the present investigation, bacterial growth was studied in human urine at glucose concentrations such as those found in diabetic urine. The following questions were also addressed: (i) are there differences in bacterial growth between uropathogenic and nonuropathogenic strains?; (ii) is there a difference in support of bacterial growth between urine from diabetics and that from non-diabetics?; (iii) what are the effects of glucose and pH on uropathogenic and non-uropathogenic strains?
Materials and methods

Bacterial strains
Eight E. coli strains were used: three blood culture isolates (E. coli 89-91 from a diabetic patient with urosepsis, E. coli 90-606 from a non-diabetic patient with urosepsis and E. coli 97-121 from a non-diabetic patient with urosepsis); two isolates from urine (from a patient with prostatitis and from a patient before transurethral resection of the prostate); two isolates from faeces and the laboratory strain K12 (for serotyping and genotyping of bacterial strains; see Table 1 ). The strains were frozen in skimmed milk at -70°C and subcultured on sheep blood agar plates. The day before the experiment, two colonies of each strain were inoculated into Mueller-Hinton broth (MHB; Difco) 5 ml and incubated overnight at 37°C. The OD660 was measured and the bacteria were centrihged at 3000 g at room temperature for 10 min and resuspended in 1 ml of PBS. (The initial inoculum from these suspensions was determined by preparing 1 O-fold serial dilutions in phosphate-buffered saline (PBS) pH 7.4; 0.03-ml volumes from each dilution were spread on sheep blood agar plates which were then incubated overnight. The final bacterial count was 1 X 10" cfb/ml.) At the beginning of the experiment 30 pl of bacterial suspension in 12-ml tubes containing 3 ml of urine resulted in an OD660 of 0.1 (which corresponded with a viable count of 1 X lo8 cfb/ml urine as initial inoculum).
Urine
Freshly voided midstream urine obtained from three diabetic and two non-diabetic females (investigators), all of whom showed no glucosuria, were not taking antibiotics, and had no history of recurrent urinary tract infections was used directly after micturition. The urine was filtered (Acrodisc 32 0.45-pm pore size; Gelman Sciences, Ann Arbor, MI, USA) before use.
Glucose
Five glucose concentrations were used. These were the same concentrations as used in the clinic to differentiate between minimal 50 mg/dl (+), moderate 100 mg/dl (++), high 300 mg/dl (+++), 1000 mg/dl (+++) and extremely high 10 000 mg/dl glucosuria (Combur-Test Boehringer Mannheim, Almere, The Netherlands). High glucosuria was found in a recent study of diabetic females in this hospital [4] . Growth of the various strains in urine with different glucose concentrations was studied and compared with growth in MHB without glucose. The bacterial growth rate was also measured in MHB afier the addition of glucose in the same concentrations as in the glucosuria tests.
PH
Bacterial growth rate was measured twice at a glucose concentration of 10 000 mg/dl. The pH was kept at a constant value (5.5) for the first test, by adding 0.1 N NaOH after 5 h; then in a second trial the pH was not kept constant. Bacterial growth rate was measured in MHB with a pH of 5.0 and of 7.0.
Bacterial growth rate
Bacterial growth rate was measured with the Dr Lange photometer (Berlin, Germany) (660 nm), for a period of 6-7 h, with hourly reading points. The final bacterial count was the number of bacteria counted during the stationary phase of bacterial growth. non-diabetic subjects in the individual experiments, no overall significant differences were seen. Student's t test was used to test differences in OD660 between two growth curves at the same time point.
Effects of the addition of glucose
Moderate (1 00 mg/dl) or high (300 or 1000 mg/dl) amounts of glucose, such as are found in diabetic urines in the outpatient clinic of this hospital, enhanced the growth rate of all strains tested in both MHB (data not shown) and urine from healthy volunteers. After 6 h, these differences were statistically significant (p<O.Ol) (Fig. 2) . The differences in bacterial growth rate after the addition of low (50 mg/dl) or extremely high (10 000 mg/dl) amounts of glucose compared to that in normal urine without glucose were not significant. However, a non-significant decrease in growth rate was found in urine with a glucose concentration of 10 000 mg/dl compared with urine with a glucose concentration of 1000 mg/dl. In some strains (E. coli 89-91, one E. coli isolate from faeces, E. coli K12), extremely high glucose concentrations (1 0 000 mg/dl) inhibited growth when compared with that in urine without glucose.
Results
Growth differences between uropathogenic and non -uropa thogen ic strains
All E. coli strains grew better in MHB (PH 7.4) than in normal urine (pH 6.5) (Fig. 1 : urosepsis strains; data from urinary, faecal and laboratory isolates are not shown). To exclude the effect of pH differences, the growth rate of E. coli was measured in urine and MHB with the same pH (7.4). No significant differences were found between growth in urine with a pH of 6.5 and with a pH of 7.4. Lowering the pH of MHB to 5.0 also had no effect on the growth rate (data not shown).
All non-laboratory E. coli strains grew at the same rate in urine and no differences were found between uropathogenic and non-uropathogenic strains. Only the laboratory strain E. coli K12 grew at a lower rate in urine than the other strains.
Effect of changing pH
Comparison of growth rate in urine from diabetic and non-diabetics individuals E. coli 89-91 reached the stationary phase later in urine with a constant pH of 5.5 (glucose concentration 10 000 mg/dl) than in urine with a more acidic pH of 5.0. The difference between the bacterial growth rates of the two urines was apparent after 5 h. The final bacterial population was greater in urine with a constant pH (Fig. 3) . However, with the t test for each time point, these differences were not statistically
The growth rate of all E. coli strains was measured in urine from diabetic females (without glucosuria) and from non-diabetic females (also without glucosuria) with the same pH and a comparable osmolality (osmolality values between 500 and 900mosm/kg in the three experiments). Although differences were found between growth in urine from diabetic and from significant (p = 0.064). The urinary osmolality before and after the addition of glucose (10 000 mg/dl) changed from 383 mosm/kg to 940 mosm/kg. Presumably this change in osmolality would not affect growth [7] .
Discussion
It is generally assumed that glucosuria is one of the most important reasons for the high prevalence of urinary tract infections in diabetics. In this study, the effects of glucose and pH on the growth rates of different E. coli strains in human urine were investigated. Moreover, the bacterial growth rate in urine samples from diabetic females without glucosuria was compared with that in samples from non-diabetic controls. The different E. coli strains used in this study grew better in MHB than in urine (Fig. 1) . This was not due to a difference in pH, as the bacterial growth rate was better in MHB (pH 7.4 or pH 5.0) than in urine with the same pH.
No differences were observed between the bacterial growth rates of uropathogenic and non-uropathogenic strains. Only the laboratory strain E. coli K12 grew at a lower rate in human urine than the other strains. Therefore, the conclusion may be drawn that the difference in bacterial growth rate in urine is not one of the causes of the higher virulence of the urosepsis strains.
The glucose content of normal urine ranges from 0.0 to 6.0mg/dl [ll] . The present study found that concentrations between 100 and 1000 mg/dl (i.e., moderate to severe glucosuria), stimulated bacterial growth the most. Moreover, a decrease in bacterial growth rate in urine and MHB was found at levels of 10 000 mg/dl glucose. Therefore, it may be concluded that moderate and severe glucosuria enhance bacterial growth and may provide one of the explanations for the increased susceptibility of diabetics to urinary tract infections. No significant differences in growth rate in normal and diabetic, non-glucosuric urine were found. This means that there is no other factor than glucose in diabetic urine that enhances bacterial growth.
The results of the present study are in agreement with those of Weiser et al. [12] who studied the effects of urinary glucose concentration on the growth rate of E. coli. They found that glucose concentrations between 2.8 and 10 mg/dl had no effect on the bacterial growth rate, although at a urinary glucose concentration of 100 mg/dl the final bacterial yield was twice as large as the yield at 2.8 mg/dl (2.8 mg/dl, 5 X lo7; 100 mgldl, 1 X lo8). These authors also found that a further increase in glucose concentration did not cause an increase in the h a 1 bacterial population. Growth inhibition was found at extremely high glucose concentrations ( 10 000 mg/dl). This might be either a pH-related or an osmolality effect. Asscher et al. [7] showed that growth rate was impaired at a pH < 5.5 or >7.6. They also showed that variations in osmolality in the physiological range (300-1200 mosm/kg) did not affect the bacterial growth rate. Considering this and the results described above, the growth inhibition found at extremely high glucose concentrations in this study is probably caused by the decreasing pH (to 5.0).
The studies described took place in the laboratory, whereas the human urinary tract is a dynamic system where fresh urine is constantly being formed and normal micturition occurs once every 4-6 h. This urine flow is also important in the defence against infection. Furthermore, the urinary pH and osmolality change over time. For these reasons, the low urinary pH, as a result of bacterial metabolism, probably does not play an important role as an inhibitor of further bacterial growth in vivo and, in the clinical situation, very high glucose concentrations probably enhance bacterial growth. This may explain the greater susceptibility of diabetics to urinary tract infection.
